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Abstract 25 
Background: Fusionless scoliosis surgery is an early-stage treatment for idiopathic scoliosis 26 
which claims potential advantages over current fusion-based surgical procedures. Anterior 27 
vertebral stapling using a Shape Memory Alloy staple is one such approach. Despite 28 
increasing interest in this technique, little is known about the effects on the spine following 29 
insertion, or the mechanism of action of the staple. The purpose of this study was to 30 
investigate the biomechanical consequences of staple insertion in the anterior thoracic spine, 31 
using in vitro experiments on an immature bovine model. 32 
Methods: Individual calf spine thoracic motion segments were tested in flexion, extension, 33 
lateral bending and axial rotation. Changes in motion segment rotational stiffness following 34 
staple insertion were measured on a series of 14 specimens. Strain gauges were attached to 35 
three of the staples in the series to measure forces transmitted through the staple during 36 
loading. A micro-CT scan of a single specimen was performed after loading to qualitatively 37 
examine damage to the vertebral bone caused by the staple. 38 
Findings: Small but statistically significant decreases in bending stiffness (p<0.05) occurred 39 
in flexion, extension, lateral bending away from the staple, and axial rotation away from the 40 
staple. Each strain-gauged staple showed a baseline compressive loading following insertion 41 
which was seen to gradually decrease during testing. Post-test micro-CT showed substantial 42 
bone and growth plate damage near the staple. 43 
Interpretation: Based on our findings it is possible that growth modulation following staple 44 
insertion is due to tissue damage rather than sustained mechanical compression of the motion 45 
segment.  46 
47 
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Introduction 48 
 Idiopathic scoliosis is a complex three dimensional spinal deformity for which no etiology 49 
has been established (Stokes, 1994). Chronologically, idiopathic scoliosis can be categorized 50 
into infantile (birth to three years), juvenile (three to ten years), and adolescent (ten to 51 
eighteen years), based on the age at which the deformity is first identified. The natural history 52 
of curve progression in idiopathic scoliosis is dependent on the patient‟s skeletal maturity, the 53 
curve pattern, and the curve severity (Lonstein & Carlson, 1984). Currently treatment options 54 
for scoliosis are limited to observation, bracing, or surgery. 55 
While brace treatment is noninvasive and preserves the growth, motion, and function of the 56 
spine, it does not correct deformity and is only modestly successful in preventing curve 57 
progression (Allington and Bowen 1996, Karol 2001, Nachemson et al. 1995). In adolescents 58 
who fail brace treatment, surgical treatment with an instrumented spinal arthrodesis usually 59 
results in acceptable correction of the deformity. In younger patients however, fusion 60 
procedures are associated with loss of spinal height at maturity, with consequent limited chest 61 
wall and lung growth, and an undesirable growth-induced rotation of the spine known as the 62 
crankshaft phenomenon (Dubousset et al. 1989).  63 
To address the need for effective surgical options in patients who are too young for fusion 64 
procedures, „fusionless‟ growth modulation treatments have been developed for juvenile 65 
idiopathic scoliosis. The goal of these techniques is to harness the patient‟s inherent spinal 66 
growth and redirect it to achieve correction, rather than progression, of the deformity. Growth 67 
modulation is thought to occur as a consequence of the Hueter-Volkmann principle which 68 
states that increased compressive loading of a physis will reduce growth, while conversely, 69 
increased distractive forces will result in accelerated growth (Aronsson et al. 1999, Stokes et 70 
al. 1996). Currently there are several surgical treatments incorporating the fusionless 71 
ideology, one of which is anterior vertebral stapling. By applying implants directly to the 72 
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spine, anterior vertebral stapling is theoretically more advantageous than external bracing 73 
because it addresses the deformity directly at the spine and not via the chest wall and ribs. In 74 
addition, it eliminates problems with both patient noncompliance during treatment and the 75 
known negative psychological impact related to the stigma of brace wearing (Karol 2001, 76 
Bengtsson et al. 1974, Noonan et al. 1997). 77 
Results of stapling in humans using an open procedure were presented as early as 1954, 78 
however outcomes were disappointing (Smith et al. 1954). Correction of the scoliosis was 79 
limited because the children had little growth remaining at the time of treatment and the 80 
curves were severe. Some staples broke or became loose, possibly because of poor staple 81 
design and lack of understanding of the complexity of intervertebral motion in the spine. 82 
Recently, clinical interest in stapling has increased following the release of a staple 83 
designed specifically for endocscopic insertion into the spine by Medtronic Sofamor Danek 84 
(Memphis, TN). These staples are manufactured using nitinol, a shape memory alloy (SMA) 85 
composed of nickel and titanium. SMA staples are unique in that the prongs are able to be 86 
straightened when cooled but clamp down into the bone in a “C” shape when the staple 87 
returns to body temperature, apparently providing secure fixation (Figure 1). Investigations 88 
using large animal models have shown these staples to be effective in modulating vertebral 89 
growth (Braun et al. 2004, Braun et al. 2005) and early results from a patient cohort have 90 
been promising (Betz et al. 2003, Betz et al. 2005). Despite the increased clinical interest in 91 
the use of SMA staples, little is known about the mechanism of their effect or the 92 
biomechanical consequences of their insertion on the immature spine. 93 
The aims of this study were threefold. Firstly, to measure changes in the stiffness of a 94 
single thoracic spinal motion segment following SMA staple insertion. Secondly, to measure 95 
the forces experienced by the staple during spinal movement. Thirdly, to qualitatively image 96 
vertebral structural changes that occur as a consequence of staple insertion. 97 
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Materials and Methods 98 
A. Specimen Preparation  99 
Six to eight week old bovine spines were obtained from the local abattoir and stored frozen 100 
at the testing facility. All specimens underwent pre-test CT scanning to exclude vertebral 101 
anomalies. Each vertebral column was cut into monosegmental functional spinal units (FSU) 102 
consisting of two adjacent vertebrae with intervening disc, facets, and ligaments. The FSU 103 
was then carefully denuded of all paraspinal muscle with care to preserve ligaments and bony 104 
structures. In addition, both sets of ribs and part of the spinous processes were removed to 105 
induce significant instability following the approach of previous authors (Puttlitz et al. 2007). 106 
Once prepared the vertebrae were potted in polymethylmethacrylate to facilitate coupling of 107 
the specimen to the testing apparatus.  108 
 109 
B. Surgical Procedure  110 
Four pronged nitinol staples were cooled in an ice bath as per recommended surgical 111 
procedure to facilitate their deformation. Using standard instruments the staple was opened to 112 
a position of 90°. The surgeon then placed each 5mm nitinol staple (Shape Memory Alloy 113 
Staple; Medtronic Sofamor Danek; Memphis, TN) just anterior to the insertion of the rib head 114 
so that it spanned the disc and adjacent vertebral endplates. Accurate positioning of the staple 115 
in each motion segment was confirmed on post-test radiographs. 116 
 117 
C. Biomechanical Evaluation   118 
A displacement controlled six degree-of-freedom robotic spine testing facility (de Visser et 119 
al. 2007) was used to test each specimen through the pre-determined ranges of motion given 120 
in Table 1. Five cycles of flexion/extension were performed first, followed by five cycles of 121 
lateral bending, and finally five cycles of axial rotation. Each specimen was tested first in an 122 
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un-stapled (control) state. A staple was then inserted using the technique described previously 123 
and the testing protocol repeated with the staple in place. A total of fourteen specimens were 124 
tested composing six T3/T4, four T5/T6, and four T7/T8 motion segments. 125 
To ensure that changes in tissue properties during testing were not a confounding factor in 126 
the results a test-retest control group was created. In this group three motion segments 127 
underwent testing through the range of motions described above. This was then repeated 128 
without a staple being inserted.    129 
Force and moment data for each test was recorded via the testing robot force transducer at 130 
a sampling rate of 20Hz. For all tests a fixed axis of rotation for the segment was defined five 131 
millimeters anterior to the posterior edge of the annulus in the mid-sagittal and mid-axial 132 
plane (Bogduk et al. 1995). The angular velocity about this axis of rotation was 1 degree/sec 133 
for all tests. Using a custom designed MATLAB (version 6.0, MathWorks Inc., Natick, MA) 134 
program the force transducer data was synchronized with the robot position data and filtered 135 
using moving average methods. The force transducer was zeroed after mounting of each 136 
specimen, prior to the commencement of testing. The rotational stiffness of the motion 137 
segment for each displacement cycle was then calculated in Nm/degree of rotation, as the 138 
gradient of the moment versus rotation curve between the start of the displacement cycle and 139 
the maximum value achieved during the cycle. Each rotational stiffness reported in the results 140 
section was calculated as an average of four cycles per test (cycles 2-5), which were 141 
performed following one „settling‟ cycle (cycle 1). 142 
 143 
D. Measurement of Staple Loading  144 
In order to investigate the forces on the staple during the biomechanical tests described 145 
above, single axis 350Ω strain gauges (Vishay Micro-measurements, Singapore) were 146 
attached to the base of three of the staples in order to measure the strains experienced by the 147 
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staple during the prescribed motions. The location of the strain gauge on the staple is shown 148 
on the inset to Figure 5. 149 
Each specimen was then tested according to the protocol described above and strain data 150 
was recorded on a data logger (National Instruments USB-6259, Austin, Tx). Following 151 
testing each strain-gauged staple was removed and individual calibrations were performed 152 
using a 1.5kN Hounsfield Universal Testing Machine (Tinius Olsen Ltd., Surrey, UK) to 153 
apply prescribed separating forces between the staple tips. Using this calibration data the 154 
staple strain measurements were converted into an „equivalent staple tip force‟ in Newtons 155 
(defined as a force acting normal to, and positioned at the staple tips, with positive values 156 
tending to separate two opposing staple tips, and negative values denoting compression).  157 
 158 
E. Changes in Vertebral Structure Following Staple Insertion  159 
The final phase of testing was a qualitative assessment of the damage caused to the 160 
structural elements (that is the periosteum, trabecular bone, and growth plate) of the vertebra 161 
following insertion of an SMA staple. For this phase of testing a single post-test specimen 162 
was used. Following biomechanical testing the specimen was carefully cut from the mounting 163 
pot. In order to minimize any additional vertebral damage caused by staple removal, a 164 
diamond saw (Microslice 2, Malvern Instruments, England) was then used to cut the staple in 165 
half. The two staple halves were then carefully removed from the vertebrae. The specimen 166 
subsequently underwent micro-CT scanning (uCT-40 scanner, Scanco Ltd, Switzerland) at an 167 
isotropic voxel resolution of 36 microns. Image reconstructions were used to create a 168 
descriptive picture of the structural damage. 169 
 170 
F. Statistical Analysis 171 
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The mean, standard deviation, median, minimum and maximum stiffness for both control 172 
and stapled conditions were calculated for the testing group in each direction of movement. 173 
Paired t-tests were used to compare the bending stiffness in the control and stapled 174 
conditions. A significance level of p<0.05 was considered statistically significant. Further 175 
paired t-tests were performed to compare bending stiffness towards the stapled side with 176 
stiffness away in lateral bending and axial rotation. Finally, paired t-tests were used to 177 
compare stiffness results in the test-retest condition. Based on the results of pilot tests, a 178 
sample size of 14 was chosen to allow detection of a 10% change in stiffness between the 179 
control (unstapled) and stapled conditions with a statistical power of 0.8. We suggest that a 180 
change in stiffness of at least ±10% between intact and stapled conditions be required to 181 
indicate a biomechanically important effect of the staple insertion. 182 
Results 183 
A. Biomechanical Investigation 184 
 Figures 2, 3 and 4 show representative graphs of moment versus rotation for 185 
flexion/extension, left/right lateral bending, and left/right axial rotation tests respectively. 186 
Both unstapled and stapled curves are shown on the same graphs. The traces in each figure 187 
are the filtered, smoothed data for cycles 2-5, which was used to determine motion segment 188 
stiffness. The vertical shift of approximately -1Nm between unstapled and stapled traces in 189 
Figure 2 is a baseline extension moment caused by the staple force induced following anterior 190 
staple insertion (discussed later). 191 
Table 1 gives the range of motion and stiffness results for each motion, and indicates 192 
whether the change in motion segment stiffness with staple insertion was statistically 193 
significant based on paired t-tests comparing the 14 specimens before and after staple 194 
insertion. Table 1 shows that a significant decrease in stiffness (p<0.05) following staple 195 
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insertion was found in flexion, extension, lateral bending away from the staple, and axial 196 
rotation away from the staple. Note however that all of the stiffness changes following staple 197 
insertion were less than 10%, so even though some of the stiffness decreases are statistically 198 
significant, they are not biomechanically important according to the criteria given above. 199 
Further t-tests showed that the when comparing rotations toward and away from the staple, 200 
the stiffness for axial rotation towards the stapled side was significantly greater (p=0.04) than 201 
for away. A near-significant increase (p=0.06) in lateral bend stiffness away from the staple 202 
compared with lateral bend toward the staple was also found. 203 
In the test-retest specimens that underwent repeat testing without the insertion of a staple, 204 
no significant difference (p<0.05) in test-retest bending stiffness was found for all directions 205 
of movement. 206 
B. Measurement of Staple Loading 207 
Figure 5 shows a time-based plot of equivalent staple tip force during a set of (i) flexion-208 
extension, (ii) lateral bending, and (iii) axial rotation tests for one of the strain gauged motion 209 
segments after staple insertion. The graph shows a baseline compressive loading on the tips 210 
following insertion which gradually, but consistently, decreased across the five cycles of 211 
testing for each movement direction. Table 2 gives summary statistics for the three tests in 212 
which strain gauges were attached to the staples. Although there was some variation in staple 213 
force measurements between the three motion segments tested (especially for the magnitude 214 
of fluctuating force during lateral bending), each test showed a consistent pattern of 215 
substantial loss of compressive force, from a mean of -20.8N at staple insertion through to a 216 
mean of -11.2N at the end of testing. The mean magnitude of fluctuation in staple tip force 217 
during lateral bending was about the same as for flexion/extension (both ~15N peak-to-peak), 218 
whereas mean peak-to-peak tip force fluctuation during axial rotation cycles was only 5N. 219 
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However, the mean loss of baseline compression during axial rotation was the greatest of the 220 
three motions (3.5N), suggesting that although axial rotation does not exert high staple tip 221 
forces, it is perhaps most damaging to the spinal tissues. 222 
C. Changes in Vertebral Structure Following Staple Insertion 223 
A micro-CT reconstruction of a single post-test specimen scanned after careful staple 224 
removal is shown in Figure 6. The scan depicts significant trabecular bone damage around 225 
the staple blades as well as damage to the vertebral cortical shell near the point of entry of the 226 
staple tips. 227 
Discussion 228 
The goal of this study was to describe the biomechanical consequences of the insertion of 229 
an SMA staple in the thoracic spine. Stiffness measures in the non-stapled control group 230 
(Table 1) correlated with the previously published results of Wilke et al. (1996,1997). The 231 
findings from the biomechanical investigation indicate that staple insertion caused a small 232 
decrease in the mean bending stiffness of the motion segment for all motions. These 233 
decreases were all less than 10%, so even though most of them were statistically significant, 234 
we suggest that staple insertion had no biomechanically significant effect on stiffness of the 235 
motion segment. This result could not be attributed to changes in anatomy or tissue properties 236 
between tests as each specimen acted as its own control. In addition, in the group that 237 
underwent repeat testing without staple insertion no decrease in bending stiffness attributable 238 
to „loosening‟ of connective tissues was seen, so the observed decreases after stapling were 239 
not due to an underlying test-retest effect. 240 
Intuitively, staple insertion would be expected to increase motion segment stiffness. 241 
Indeed, a recent paper by Puttlitz et al. (2007) found a small but significant decrease in the 242 
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range of motion in lateral bending and axial rotation using moment controlled testing. Puttlitz 243 
et al. tested T4-T9 motion segments which had been stapled with a variety of constructs and 244 
compared these to a non-stapled control condition. In our study, the small reductions in 245 
motion segment stiffness are probably due to several methodological differences with Puttlitz 246 
et al. Firstly, in this study we attempted to minimize potential confounding factors by using 247 
only single motion segments and not re-using testing specimens. In addition, we only tested 248 
one staple construct, the double-pronged laterally placed staple, which is the most commonly 249 
used clinically in our practice. 250 
Secondly, we performed displacement-controlled tests. Both moment-controlled and 251 
displacement-controlled spine testing facilities have been used to assess spine biomechanics 252 
in previous in vitro studies, and there has been some controversy as to the most appropriate 253 
technique (Goel et al., 1995). We acknowledge that for testing multiple motion segments 254 
while attempting to maintain constant load at each level, moment-controlled loading is the 255 
more appropriate strategy. However, in this study, we were interested in the comparative 256 
stiffness of a single motion segment with and without stapling, and in this situation it is 257 
instructive to compare the two cases where the motion path and limits of motion are identical 258 
in both unstapled and stapled tests. By removing the posterior elements prior to testing we 259 
followed the approach of Puttlitz et al. (2007), because this allows the testing to highlight the 260 
effect of the staple insertion on the mechanics of the anterior vertebral column where it is 261 
inserted. In vivo, posterior vertebral structures and the ribcage will contribute to stabilizing 262 
the spine. For this reason, the displacement controlled testing was performed within 263 
physiological ranges of motion, to prevent excessive rotations of the destabilized motion 264 
segment. In a clinical situation where the vertebral column and ribcage remain intact, staple 265 
insertion would therefore be expected to have no appreciable effect on spinal stiffness. 266 
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The strain gauge staple force measurements showed that once inserted, the staple is 267 
subjected to a baseline compressive force exerted by the surrounding spinal tissues. Newton‟s 268 
second law implies that the staple was exerting an equal and opposite tensile (separating) 269 
force on the motion segment. This system of forces occurs because when driving the staple 270 
into the spine during insertion, the wedge-shaped staple geometry tends to push the tips 271 
together. It is interesting to note that at no time during the testing did the staples experience 272 
tensile (separating) equivalent tip forces. Even during lateral bending away from the staple, 273 
the baseline compressive force induced at staple insertion dominated to maintain overall 274 
compressive load on the staple. 275 
 We note that the definition of „equivalent staple tip force‟ derived from the strain gauge 276 
measurements is not meant to imply that all of the staple force during the tests was 277 
concentrated at the tips. In reality the bone in contact with the staple will exert a distributed 278 
loading along the surface of the staple prongs, and reporting equivalent staple tip force 279 
provides a convenient and consistent way of expressing this loading as a force, rather than as 280 
a strain measured at the staple base, which is difficult to interpret physically. 281 
We believe that the observed reduction in this baseline compressive staple tip force during 282 
testing occurred as a result of localized structural damage to the trabecular bone and vertebral 283 
end-plate by the staple during spinal motion, effectively causing „loosening‟ of the staple. 284 
This hypothesis is tentatively supported by the findings of the micro-CT scan. The pictures 285 
depict significant trabecular bone and physeal injury around the staple blades. 286 
Previous studies using SMA staples have shown promising results in correcting curves in 287 
small animal models (Mente et al. 1997, Mente et al. 1999, Stokes et al. 1996), and large 288 
animal models (Braun et al. 2004, Braun et al. 2005). In addition, Betz and colleagues have 289 
published medium term follow-up of a group of children treated with SMA stapling which 290 
shows promising results (Betz et al. 2003, Betz et al. 2005). We speculate however, that the 291 
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effectiveness suggested by this clinical and animal work is not as a consequence of the 292 
Hueter-Volkmann effect (vertebral growth modulation caused by sustained mechanical 293 
compression of the growth plate), but rather that insertion and subsequent spinal motion with 294 
an SMA staple causes growth plate damage (hemiepiphysiodesis) and subsequent convex 295 
growth arrest. 296 
Our use of calf spines in this study follows the approach of previous authors investigating 297 
staples for fusionless scoliosis correction (Puttlitz et al, 1997). Calf spines are commonly 298 
used in spine biomechanics research, and have been shown to be a reasonable biomechanical 299 
analogue for human spines, notwithstanding some anatomical differences (Cotterill et al 300 
1986; Wilke et al 1996, 1997). Further, a comparison of calf and human lumbar trabecular 301 
bone by Swartz et al (1991) showed that the mean tissue density, equivalent mineral density, 302 
apparent density, ash density, ash content, compressive strength, and compressive modulus of 303 
the calf spine were similar to a young human spine. Based on the physical and mechanical 304 
properties Swartz et al concluded that the calf spine was a good model to represent a young, 305 
non-osteoporotic human spine. 306 
If an epiphysiodesis effect is not desirable in the treatment of juvenile idiopathic scoliosis 307 
then alternative staples designs may need to be considered. For example, the screw and plate 308 
designs proposed by Wall et al. (2005) and Schmid et al. (2008) would likely adhere to the 309 
principles required for the Hueter-Volkmann effect as well as more closely producing the 310 
uniform compression of the growth plate which has been successfully used in vertebral 311 
growth modulation studies in rats (Mente et al. 1997, Mente et al. 1999, Stokes et al. 2006). 312 
A limitation of our study is that the micro-CT assessment of vertebral tissue damage 313 
following staple insertion was only performed for one specimen out of the 14 tested. This 314 
occurred because the aim of the study was first and foremost to perform biomechanical 315 
testing of the motion segments. We note that micro-CT provides a powerful tool for post-test 316 
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assessment of vertebral microstructure, and intend to incorporate more extensive micro-CT 317 
assessment in future investigations. 318 
 319 
Conclusion 320 
Thoracic SMA stapling is a technique which has shown promising early clinical results. 321 
However, our biomechanical investigation suggests that SMA stapling does not increase the 322 
stiffness of the motion segment, and that any compressive forces induced by staple insertion 323 
are quickly dissipated. Therefore we speculate that any clinically observed growth 324 
modulation effect is due to tissue damage in the vicinity of the staple tips causing convex 325 
growth arrest rather than sustained mechanical compression of the growth plate. 326 
327 
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Figure Captions 328 
 329 
Figure 1. Intra-operative radiographs showing shape memory alloy staples used for 330 
fusionless scoliosis correction. 331 
 332 
Figure 2. Representative moment versus rotation graph for flexion/extension showing both 333 
intact and stapled tests on the same motion segment. Traces for cycles 2-5 are shown, which 334 
were used in the assessment of motion segment stiffness in Table 1. 335 
 336 
Figure 3. Representative moment versus rotation graph for left/right lateral bending showing 337 
both intact and stapled tests on the same motion segment. Traces for cycles 2-5 are shown, 338 
which were used in the assessment of motion segment stiffness in Table 1. 339 
 340 
Figure 4. Representative moment versus rotation graph for left/right axial rotation showing 341 
both intact and stapled tests on the same motion segment. Traces for cycles 2-5 are shown, 342 
which were used in the assessment of motion segment stiffness in Table 1. 343 
 344 
Figure 5. Graph of equivalent staple tip force versus time for one of the three strain gauge 345 
measurements performed. The magnitude of fluctuating force and baseline compressive force 346 
reported in Table 2 is shown in the Figure. Inset shows Shape Memory Alloy Staple used in 347 
the present study with attachment location for 350Ω strain gauge. 348 
 349 
Figure 6. Micro-CT reconstructions showing vertebral microstructure in the vicinity of the 350 
staple tips. The scan was taken after the staple had been carefully sectioned and removed, to 351 
avoid metal artifact in the image. 352 
353 
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Table 1. Motion segment stiffness results (mean sd) for biomechanical tests comparing intact (non-stapled) and stapled motion segments. Statistically significant changes  
in stiffness with staple insertion are marked with *(P<0.05). 
 
 
Movement Range of 
motion 
Intact motion segment 
stiffness 
(Nm/deg) 
Stapled motion 
segment stiffness 
(Nm/deg) 
Change in stiffness 
with staple insertion 
(%) 
P-value 
Flexion 2.5° 
2.76 0.44 
(range 2.05 to 3.53) 
2.56 0.37 
(range 1.84 to 3.10) 
-7% 0.0003* 
Extension 1.5° 
2.56 0.65 
(range 1.84 to 3.86) 
2.41 0.63 
(range 1.64 to 3.46) 
-6% 0.04* 
Lateral bend toward staple 3° 
2.31 0.43 
(range 1.68 to 3.27) 
2.26 0.52 
(range 1.42 to 3.44) 
-2% 0.09 
Lateral bend away from staple 3° 
2.51 0.51 
(range 1.66 to 3.57) 
2.37 0.70 
(range 1.33 to 3.75) 
-6% 0.02* 
Axial rotation toward staple 4° 
0.34 0.11 
(range 0.15 to 0.60) 
0.33 0.12 
(range 0.13 to 0.57) 
-3% 0.25 
Axial rotation away from staple 4° 
0.33 0.09 
(range 0.15 to 0.47) 
0.30 0.09 
(range 0.10 to 0.41) 
-9% 0.01* 
      
 
 
 
 
Table 2. Equivalent staple tip force results for the three tests in which a strain gauge was attached to the staple during testing. The ‘magnitude of fluctuation’ and ‘loss of 
baseline compression’ measures are illustrated in Figure 5. 
 
 
 
Equivalent staple tip force Staple 1 
(N) 
Staple 2 
(N) 
Staple 3 
(N) 
Mean 
(N) 
At initial insertion -16.7 -22.6 -23.1 -20.8 
Magnitude of fluctuation during flexion/extension 16.5 13.3 14.5 14.8 
Magnitude of fluctuation during lateral bending 28.7 11 5.3 15.0 
Magnitude of fluctuation during axial rotation 5.1 7.6 2.2 5.0 
Loss of baseline compression during flexion/extension 3.7 1.3 3.3 2.8 
Loss of baseline compression during lateral bending 3.2 4.3 2.3 3.3 
Loss of baseline compression during axial rotation 5.7 3 1.7 3.5 
 
 
  
